AD=A096 389 NAVAL POSTGRADUATE SCHOOL MONTEREY CA F/6 20/8
A PROCEDURE FOR OBTAINING VELOCITY VECTOR FROM TWO HIGH RESPONS=~ETC (U}
G 80 D ADLER» P M TAYLOR
UNCLASSIFIED NP567-50-007

1o |
Bissen

END
oate
FiNED
4-81

oTIC




T ——— -

P E——

) o @ L[v EL /o

NAVAL POSTGRADUATE SCHOOL

Monterey, California

T

DTIC

ELLECTE ]
MAR 1 6 1981

| ] B
/ ‘ j// /5 | s ) / .

é: A Procedure for Cbtaining Velocity Vector
from Two High Response Impact Pressure Probeg. ‘ y

] D./Adler @ p. M./Taylor |
N/ S

R
4 -~
/L z

/. Augﬂ"iGDQDf

PSR

Approved for public release; distribution

unlimited
Prepared for:
Naval Air Systems Command Office of Naval Research
washington, DC Arlington, VA
and

e
513 16 091

)



S 1
i

NAVAL POSTGRADUATE SCHOOL

Monterey, California

Rear Admiral J. J. Ekelund ' D. A. Schrady !
Superintendent Acting Provost ;

The work reported herein was initiated under the support of
Naval Air Systems Command, Washington, DC and Office of Naval ,
Research, Arlington, VA and completed at the Technion, Haifa, :
Israel.

Reproduction of all or part of this report is authorized.

This report was prepared by:

DO ALCs :
D. Adler, Visiting Professor i
of Aeronautics

Reviewed by:

Ry
R. P. Shreeve, Director M. F. Platzer, Chairman
Turbopropulsion Laboratory Department of Aeronautics

-

Released by:

2 iég - ZZ<:il;£E::> ’

W. M. Tolles
Dean of Research




UNCLASSIFIED -—
SECURITY CLASSIFICATION OF THIS PAGE 7rWhan Data Futerad)
REPORT DOCUMENTATION PAGE BEE o D T ey
1. REPORT NUMBER 2. GOVT ACCESSION'NO. 3 RECIPIENT'S CATALD s t 440t be
NPS67-80-007 ¥ AD-ROI. 3%8 o
4. TITLE (end Subtitle) S TYPE OF REPORY & PFbu ... " L.LRED
A Procedure for Obtaining Velocity Vector] Technical Report
from Two High Response Impact Pressure July 1979 - July 1980
Probes € PELRFORMING ORG. KEFRCF - + (MBER
7. AUTHOR'’s) ® CONTRACT ORGRAN- & .43 6 1,
D. Adler and P. M. Taylor 61153N
N00019-79-WR-91115
9 PERFORMING ORGANIZATION NAME AND ADDRESS . 0 PROGRAM ELEMEN- ~ & “ese |

AHEA & WORK UNIT N

Naval Postgraduate School
Monterey, CA 93940

11. CONTROLLING OFFICE NAME AND ADDRESS 12 REPORT DATE

Naval Air Systems Command August 1980
Washington, DC 20361 T oWRER OF PACES s -
50 L
14. MONITORING AGENCY NAME & ADDRESS(If different from Controliing Office 15 SECURITY CLASS. frf i+ o
Unclassified

T5a. CECLASSIFICATION »o=- ,@ADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for Public Release; distribution unlimited.

QUGBS S+ IR L TP DI S A M
_ . " _

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If different from Keport)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side il necessary and identify by dlock number)

Flow Measurements
Compressor Flow Fields

z& ABSTRACT (Continue on reverse .lq- H{ necessary and identify dy nlcrk‘ number) ,
A method for experimentally determining the velocity vector for a

point in a fluid, downstream of a rotating turboimpeller, is
presented. The technique requires four pressure readings from two
semiconductor pressure probes and a synchronization system to col-~
lect the data. Reduction of the data to the velocity and direc-
tion of the fluid particle is performed by the computer program
at the end of this report.

o

DD , 5%, 1473  €oition oF 1 nOV 3 15 OBSOLETE

s S/N 0102-u14- 4801 UNCLAS

SECURITY CLASSIFICATION OF THIS PAGE rwhan [iara Ratered)




A PROCEDURE FOR OBTAINING VELOCITY VECTOR
FROM TWO HIGH RESPONSE IMPACT PRESSURE PROBES

by

D. Adler and P. M. Taylor

iii

.-A“- _AA.W

-

ry




TABLE OF CONTENTS

! 1. INtYOAUCEION .+t v e oncencsecnnecesossnsensenssnssanas 1 '

2. Description Of Method ..ecvueieeeeevennneneossonnens vee. 2 f

ke

3. ThEOTY v et eeneenneaooeesnesnaessessensesasssasnsennss B

4., Program VELOCITY ..cveceenooesocoocssassnanssasnennssse 4 ;
5. DiSCUSSLION +evveveeeennarsesescecososeasasesnaasesanas O i
Notation SUMMAYY «.eeeeeonvececoncccananns et c... 24 B
BibliOGLaApPRY «eeveeeeeenenneenenesanaeaneasenananaanes 20
Appendix I - Listing of Program VELOCITY ...... ce.. 27

Appendix II Notation Summary for Program VELOCITY. 32

Appendix III - Sample INPUt ..ccveeveeveccnonnanaasass 36
)
Appendix IV - Sample OUtPUt ...ceeeeerovenesenaaasss 38

Appendix V - Notes on the use of VELOCITY ......... 39

Distribution LiSt .s.seeeeceecescresesssecesscnnenscese 45

Accession For
NTIS GPALI v
DTIC TAV

EAY e
|
;




1. Introduction

Experimental knowledge of the flow field generated by
rotating turboimpellers is essential for the research andé
development of turbomachinery. This information is used to
refine design methods, develop new flow models which include
secondary flow and tip clearance effects, and especially to
verify computer programs designed to calculate flow throuah
rotating blade rows.

Laser velocimeters have been used successfully in recent
years to measure the flow inside and downstream of rotors
(see Ref. 1). Certain disadvantages have become apparent,
however. The laser techniques are reliable only in the hands
of experienced investigators, the pressure field remains
unknown, and usually the measurement of more than two compo-
nents of the velocity field is complicated and expensive.
Furthermore, it is difficult to perform measurements close to
walls. Development of alternative techniques to overcome
these deficiencies, as well as to achieve redundancy in mea-
suring the flow field, are reasonable and worthwhile tasks.

This report describes a particular method and the com-

putational support necessary to measure the flow field behind

an impeller in the stationary, bladeless gap.
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2. Description of Method

The following method requires two semiconductor pressure
probes along with a technique for synchronized sampling for
determining the fluid velocity vector downstream of a rotor.

The two probes (see Fig. 1) are positioned inside the
machine casing so they will, in turn, intercept periodically
the same part of the flow leaving a particular passing rotor
passage. Each probe reading is sampled when the designated
blade passage reaches a desired position relative to the
probe. Synchronization is achieved through a suitable method
(Ref. 2, 3).

Four quantities are needed to determine the velocity
vector: vyaw angle, pitch angle, static pressure and total
pressure, Accordingly, four measurements must be made to
evaluate these unknowns. By rotating the probes about their
tips, pressure readings in four different directions can be
taken, and the data used to calculate the velocity vector.
Computer program VELOCITY, given in Appendix II, was developed
to perform the somewhat arduous calculations.

The geometries of the two probes are shown in Fig. 1.
Before being used, the probes must be calibrated so their
responses to flows coming from different directions are known.
A highly directional probe is desired to increase the accuracy
in finding the yaw and pitch angles, and consequently the

velocity magnitude. The following method is recommended for

calibrating each probe -
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l. Establish a steady, controlled flow of fluid, and
determine the velocity vector at a certain region of
the flow.

2., Position a probe in the flow and rotate the tip so
that a sequence of pressure readings are taken for f
a constant yaw angle and a varying pitch angle.
Repeat the procedure at a new yaw angle using the
same pitch angles. The result will be an array of

pressure readings corresponding to a set grid of

yaw and pitch angles (Fig. 2).
3. From the known flow velocity and pressure readings,
a coefficient of pressure can be calculated for each

angle set:

P-Pg C = Ccefficient of pressure
cC. = — where: p
P pT ps p = pressure reading
Pg = static pressure of flow

pT = total pressure of flow

The table of Cp's as well as the yaw and pitch angles which
correspond to them are now in the form required for input to
program VELOCITY.
The probe calibrations should be insensitive to Mach
number and pressure, and are not valid for supersonic flows. -
Should any significant variations in Cp be observed for
different flow conditions, further calibrations will be re-

quired and an additional iteration scheme added to the com~

puter program.
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Experience with the two-probe technique has shown that
excellent results are achieved when a probe type A is rotated

°, -25° yaw at 0° pitch) ,6and

to the three positions +25°, 0
probe type B is used at 0° yaw ‘and 25° pitch, Fig. 3).

The two-probe technique is strictly applicable only to
periodic flows. However, data obtained on successive rotations
of the rotor can be averaged to eliminate non-periodic fluctua-
tions. This was effective for tests reported in Ref. 2., where

a single probe was used to establish the peripheral blade-to-

blade distribution of flow yaw angle.

It is noted that the method reported here is a further

development of that reported earlier in Ref. 6, and overcomes

some of the earlier limitations.
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3. Theory

The velocity vector for a three-dimensional flow can be
described with three scalar quantities. The nature of the
problem suggests using two angles (a yaw angle and a pitch
angle) , and the magnitude of the velocity (Fig. 4).
Since pressures and not the velocity are measured, the
static and total pressures must first be determined, and 1
Eq. (1) used to evaluate the velocity.

P - -
T o (1 + Y21 M2y Y/v-1 (1)

Pg 2

Altogether, four unknowns need to be evaluated: the yaw and
pitch angles, and the total and static pressures.

Four equations are needed to determine the four unknowns.
They are derived from the four pressure readings, each pres-
sure reading having been taken in a different direction as
described above. The following equations for the coefficient
of pressure can be written:

P)"Pg

c., = i=1..4 (2)
pi ~ Pp-Pg

The C i's are a function of the orientation of the probe

relative to the flow; i.e., for a given flow the measured Cp's ]

will vary measureably as the probe is turned into and away
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from the flow. Each "probe"* will have its own Cp charac-
teristics determined experimentally. The result will be a

table of Cp vs. yvaw and pitch angles for each probe.

Cpi = function (aRi ’ %zi) i=1..4 (3)

For realistic problems, only one point (o , ¢) exists
where the Cpi's in Eq. (2) will equal the Cpi's of Eq. (3) for
the four probes' pressure readings.

The probes' characteristics (Cp's) are in tabular form
because they cannot be represented analytically due to the stem
effect and production inaccuracies. Therefore, a numerical
solution to the problem is required. The procedure chosen for
solving the problem is a systematic trial-and~error search
process, essentially a convergence scheme on two variables:
yaw angle and pitch angle.

The flow direction is assumed to fall within some set of
bounds, defining the search area for yaw and pitch (Fig. 5).
By setting up a grid of points in this region and checking how
well each point satisfies the criteria of equality of coeffi-

cients of pressure (C_.'s) calculated with Egs. (2) and (3),

pi
the point with the smallest error can be found and used as a
first approximation to the solution. Repeating this procedure,
only with a smaller grid and search region, will result in a

better approximation. This sequence, represented in Figs. 6

* Here, the term "probe" refers to a particular probe type in
a particular position.
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and 7 is repeated until either the desired accuracy is reachec

or fatigue sets in. Program VELOCITY, described in the follow- ’

ing section,

was written to perform these calculations.
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Illustration of the Search Procedure
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4. Program VELOCITY

Program VELOCITY was written to perform the calculaticns
outlined in the previous section. A description of the prcaram
and its subroutines is given below. Fig. 8 summarizes the
major sections and organization of the program.

For each run, program VELOCITY reads the calibration
tables for the two probes from files outside the program.
(Input formatting is discussed in Appendix V.) Subroutine
INPUT performs the necessary work, and can be modified tco
accommodate different input schemes if desired.

The fluid temperature and molecular weight are entered
next. These properties are assumed to remain constant throuah-
out the run.

The settings for each pressure reading are read rnext. A
setting contains the following data: probe type (A or B), vyaw
angle setting, and pitch angle setting. Again, these settinas
will not change for the duration of the run.

Finally, the four pressure readings are entered.

The first scan is initiated and covers the entire region

° to + 40° in both yaw and

of expected flow directions, -40
pitch ancles in the present case. Points are chosen every 5,
each point representing a unique pair of yaw and pitch angles.
For each point, a static pressure, a dynamic pressure, and an
error are calculated by the scheme described below.

A point, say (a , ¢) is tested; i.e., a test is performed

to prove whether assumed flow, oriented o degrees yaw and ¢

15
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degrees pitch relative to the laboratory reference frame,
corresponds to the four pressure readings. The direction of
the flow relative to each probe setting is calculated. For
probe setting i , oriented at (ai ' ¢i) relative to the
laboratory, the assumed flow approaches at a relative angle

of:

O : = 0-0. (4)

where (aRi ’ ¢Ri) are the yaw and pitch angles respectively
of the assumed flow relative to probe setting i . The Cp
calibration table for the probe used in setting 1 is con-
sulted and a Cp(onRi ' ¢Ri) returned. Subroutine CPCAL locates
or calculates the desired Cp values in the table. The scheme
used in CPCAL is a search technique to find the values of yaw
and pitch surrounding the desired point, and then a linear
interpolation over these four points as shown in Fig. 9.
Eq. (2) can be rewritten in the form
(Cp.

l)pT + (l--Cpi)ps = p, i=1..4 (6)

1

the only unknowns being P and Pg * With four equations and
two unknowns, the problem will be inconsistent unless the true

a and ¢ were chosen. Accordingly, the following schemes

were used to evaluate pS ' pT and an error.
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Define:
5
C = C
4
pP=2 P,
=1 ?

C = minimum of (C , C C , C_ )
P Py P, ' TPy Py
Pn = Py corresponding to the Cp chosen above.

m
(Cp)pT + (4-Cp)ps =p
and also
(1~ =
(Cp Ipp + (1-C, Ipg = Pp

m m

These two equations can be solved for P and

- - 4-
—E(l Cpm) Pp SE)

Pp = C_ - 4cC
p

Error

1]
[
i} MA
wn
@]
[}
~
-8

(7)

(8)

(9)

(10)

(11)

(12)

(13)




These schemes were chosen for two reasons:

1) They used all the available data to derive an error
which would effectively represent the accuracy of
the guess.

2) No singularities in the calculations can occur except
for the case of four equal Cp's (which physically
represents trying to find an intersection point
among four parallel lines). If the measurements are
taken in the suggested directions, this anomalous
point will not appear.

For each point guessed in the initial scan, an error is
calculated and the point with the smallest error is saved. A
new, finer search grid is composed using this point as the new
origin. The boundaries of the new grid are the points from
the o0ld grid which were closest to this new origin. Referring
to Ficure 10, if x represents the true solution, the new
boundary would be formed by the points marked B-I, and the new
grid-width would be one third as large. This factor was chosen
to minimize the number of guess evaluations. (The first scan
contains a large number of guesses in order to correctly isolate
the general region of the solution).

The search procedure is performed on each new grid, and
the process repeated until the grid width is less that 0.5°.
After the final scan, the best guess is used to calculate the
flow velocity and Mach number. The results are printed out

and the next four pressures requested. If no values are

entered (end of data set), the program ends.




o* TRUE SOLUTION

Fiyure 10.  Defining new grid soundaries from tne nearest neighbors

r—

of the point with the smaliest crror

21




5. Discussion

Extensive tests with program VELOCITY have led to the
observations and suggestions listed below:
1. Excellent results are achieved when the probe settings
are at (yaw, pitch) angles of (-25,0), (0,0), (25,0) !
and (0,25) degrees. This corresponds to a rotation ;

(o]

of probe type A from -25° to 0° to 25°, and one read-

ing from probe type B at (0,25). Poor results were
achieved for the symmetric case of readings at (+25,0)
and 0,+25) degrees.

2. Highly directional probes increase the accuracy of i
the procedure, especially if the Cp variation is
significant when the flow is nearly head-on To
achieve these characteristics, the following design
suggestion is offered. The probe can be formed with
a spherical tip, the pressure tap heing located in
the center. To prevent damage to the sensitive trans- !
ducer located behind the pressure tap and to improve
the frequency response, the void between the pressure
tap face and the transducer should be filled with an
an appropriate liquid and the opening of the pressure
tap sealed with a thin, low-inertia membrane.

3. Higher accuracy naturally results if more calibration
points are taken for the probes' Cp tables. The linear
interpclation scheme can be replaced by the second

order scheme offered in Appendix 5 (if no significant

22 ?




anomalies occur in the calibrations), the second order
method requiring fewer calibration points (say every
15°) than the linear method (every 5° or 10°).

The use of two probes of relatively simple gecmetry

in periodic flow is less cumbersome and complex than

the use of five-hole probes (Ref. 4).

23




Notation Summary

24

C - Coefficient of pressure
P C_is a function of o and ¢ , C_=C_ (a , ¢)
p p P
Cpi - Coefficient of pressure for probe setting i
C.. =C (ap. , $p.)
Pl P Ri Ri
C - sum of the four C_.'s
B pl
C - Minimum of the four C_.'s
‘ Py ° pi
C - C (u r by)
P11 p 1"l
C - C (o, , ¢,)
P12 p 1l 2
C - c (o, , 9,)
P21 pz
P22 p 2" "2
P - Pressure (all pressures are absolute)
P, - Pressure read from probe setting i
Py - Static pressure
Pp - Total pressure (stagnation pressure)
P - Sum of the four pressures (Pi's)
Pm - Pressure at the setting where Cp occurred (i.e.,
m
Pm = Pi , where i = m , defined in C_ )

P

e —————

_ ‘,_.‘V — S




‘ \' - Velocity magnitude of the fluid particle
x v - Fluid velocity vector :
| a , ¢ - Yaw, Pitch angles ,
a; . ¢i - Yaw, Pitch angles for probe setting i }
!
: Opi 7 ¢Ri - Yaw, Pitch angles for the assumed flow direction r
i direction relative to the probe setting ;
p - fluid density |

25 ]




Bibliography

1.

Dunker, R. J., Strinning, P. E., and Weyer, H. B.,
"Experimental Study of the Flow Field Within a Transonic
Axial Compressor Rotor by Laser Velocimetry and Comparison
With Trhough-Flow Calculations", ASME Journal of Engineer-
ing for Power, Vol. 100, pp. 279-286, April 1978.

Shreeve, R, P., Simmons, J. M., Winters, K. A., and West,
J. C., Jr., "Determination of Transonic Compressor Flow
Field by Synchronized Sampling of Stationary Fast Response
Transducers"”, Symposium on Non-Steady Fluid Dynamics, ASME
1978 Winter Annual Meeting, San Francisco, Dec. 1978. (To
be published in ASME Journal of Fluids Engineering.)

Shreeve, R. P., McGuire, A. G., and Hammer, J. A., "Calibra-
tion of a Two Probe Synchronized Sampling Technique for
Measuring Flows Behind Rotors", paper to be presented at
IEEE, Eighth International Congress in Instrumentation in
Aerospace Simulation Facilities, Naval Postgraduate School,
Monterey, September 24-26, 1979. Published as IEEE ICIASF
Record of Proceedings.

Thompkins, W. T., Jr., and Kerrebrock, J. L., "Exit Flow
From a Transonic Compressor Rotor", AGARD Conference Pro-
ceedings No. 177, Unsteady Phenomena in Turbomachinery,
PP. 6-1 to 6-23., Meeting held at the Naval Postgraduate
School, Monterey, California, 22-26 September 1975.

Adler, D. and Shreeve R., "A General Procedure for Obtaining
Velocity Vector from A System of High Response Impact
Pressure Probes", Naval Postgraduate School Technical Report
NPS67-69-007, July 1979.




‘openpIX | - ProRAM VELOCITY ‘

¢ ] 20002010
C VELCCTITY AND DIRCCTION {C0CH02)
< SEOA TLUTIL AT A OCINT USIG FIUR FREGSURES 2ronv930
C TAJL TAYLLk  CCD33840
< 1CICIIND i
C PV : IN ECUs 133¢03e3 I
o DISTING CYLCN AND KNOWINSG Tl CHARACTYIRISTICS OF  Tee Cl00237) j
‘ «  PRUOCES ANT FLULID FilPERTIZS,  THD FLUID VOICCITY, CILRECTICN, ttzeaced ’f
COANU TUTAL ANT STATLT PHOLSLREE ARE CALCULAT(%, SCycacs H
« ~3JCo130 [
- . ] I3)CTt) P
SIYVUNGION BEHL(19eX) o FREE2(1S42)0C21 (1S 416) ¢l 2(1G417) tCocorae [
YIMINIIUN ALDEAI W PHI(G) JhPROL4) ¢ PRESS(8)4C (0 4) 223¢2120 7
TLAL MACH $lY20140
z 103C3159 3
COBUFRILIINT INTUY RIALIVES YHD KNCCESSARY PRCES CRARAITINSICTILS 22)301€) i
O FLF Tl TwC VHCILS == MATRICES Pr21 AND PHEI QR°CEIVC tCYIT3LT) !
i L THE AX[S (AL A AN PHI) VILUFS, ARNC CP1 BRDT (FY FECCIVT ccscerage i
SOTRE CY VALLLDT ST TuLer G 1 ARND 2 RESPECY IV LY. 12o¢h130 .
I 12320200
CALL INPT(ABALEE L ANPHI LW ERB1 CFRLLTER) 133C0213
CALL IRNPTINALPEF?2 JNPIHIZ L PRB2CF2,160) 12919299 ]
IV 0 12 eRE Q) SUTT 1210 TCIC0239 "
< 13320240 4
< WLAL TFEE PULLCRING FLULL FRCERTIECSS 12080250 "
. 122926
o wa T OMULECLLAR NTIuHT O THE FLULIC 123380278 L
L GANLA 2 TATIC CF SPiICIFIC HOIAYS CF THT FLUIR 123372490 i
. o TG : ITMELRATLNE TLOGR7IZILSG CERTICRALZL CF TFS Ca% 1ginczas
! COOCUNY = HSTIMATE fF TrHE COUNPRESSIDILITY FACTICK 12709 1))
i < scoccrte
| SO HKIAZ(T4BC10)Y) wh,3ANVATC,CCNF £328322¢C .
: S010 FLCRMAT(AFICe4) 323C021 !
: NGAS = E€Z144/wWW 133¢0134C -
i AnTYZ(74772CC) WM GANMA, TC ,CUMF I37¢r2a¢C 2
7700 FCHNMAT(® FLLIL FARCPERTIES 194//4' NOLUECULAR wT =*,T2IN,F3.4,/, 22J0C0160 Y
1 * FATIC CF SPCCIFIC FEATYS =9, T204FRe44/+" TEMPERATURES®, £327C01372 3
: * ZCC C ='eT32.F Zede/e® CCVMPACSSIEILTY FACYCR =9,T3C.F8.48) 3C3Co2a0 )
W [TE(£4€CCC) 23300290 '
G330 FoANATLY) €TATIC TCTAL®, 12X 'YAR PIYCHY 3, 20sC2480)
1 TVELOCITY MACHY o/ 43X 4 *DPRESS (FA) PRESS(PA) Y, 233C0410 j
é EX 4y CANCLE ANGLE® EX4s *(¥/SCC) ANULNZELKE4/7) 125¢0a20 :
ARTITI(747712) 2€0C043¢ .
7710 FCRNAT(//774" PECHE YAwW 2ITCH FRESSUREY 4/, C3020340
1 . 1 YEF SEZTTING SETTING KCAD (PA)*,/7) £¢aczaso0
C $C0C0460 ‘
< 0000470
C  d%de% “TAIYT LCCP d49#% C09C04aA0 .
< £SICCa90 :
< €02C0Z290 :
¢ REAS IMN THE CXPERINMOINTAL OATA FIOR THIS JETEAVINATICN 3300510 ]
! < €SaC0520
i C NPRE(L)Y = TvF PRCPT TYDE (CITHEZR Y CR 2) CF FRCEE SETTINC I 2C200<130
i . ALF(I) = ALPEA (YAW) ANGLE NF PROBE SCTYTING I €2020%S40
S PRI = Frl (FITCH) AMGLE CF FFCRF SETYTINC 1 200C0EsC
IO RKEIS(l)Y = FRESSUKF READ DY OKCOE SETTING 1 23900569
< €00C0370
. ALFie CHIL, N3%O1 . CIZNTAIN THE NCW VALUES CF THE YAW, PITCH, cCa00¢€71
L ANL P 2V TYFE FCE CACH SETVYINGs IF THE VALLE REAR FCR YHLC PRCIC 21000872
S IYE_ JI 2LRC (MPRETITI=0)s TreN THC PRCEEC SETYINC FCF THE ORCVICLS €93¢cas72
O Tidad. i USive NC DIOFAULT VALLUS ARE PRCVICEC. SC THE FIRST €l)C0<S74
S TR ITAL MJSY CONTALRN THE 920080 SETTINGS. 2720057%
C colcecsre
tu 3G 3 1=1,4 03090530 '
SLATLT e SC U e INC=,68) PRESSETI) ALY T ol JNIKY] €2020<990 ’.
3920 TLAwAT(AF I A ,11) £000059¢< i
[FINDIYT 47 04)) SCTC 1S €0000¢%6«
ALB (I )=ALFI fL0L0597
NS EEL T co0ccosee
NS S L YA RN J00C0S599
1S A=ITI(747227) NJUHTI) oALP(TL ) 4 PHIL L) PRESS(]) C00C0€0D
7720 VOFNATY(LIX 412472, 10e04F14,2) 73030610
2) ZUINTINGE £8J20¢€20 :
AanlIL{7?,772C) 2INC064C :
7720 Y IaNvAT(/ /) 000650 ;
< CJ0920660 |
C ESTAILISE CCENMNINC AANGE s CHIND WICTH, AND INITIBLIZE IIRKCR C(CO00€ET0 ?
C 27 73000680 ‘
]
4




VELOCITY
Iy 2MAX = NMINIMULNY, AUN YA ANSGLES SJICOEVC
Ine F¥MAX = VINIMLM, N UM PTTCH ANGLES 70030770
L = JFIC wWICT. 22300710
[ A = NMINIMULY FRe ! FCULND SC Fan 12303720
3300730
avINz-a4l, “23¢€0740
ANAXY=Y T, 3030780
Fvlr=-4C, 22Y¥T0rA0
EvAYZ40, D I ullo I b dh)
CeL % *JIC0THD
ChPPMINZL1CCICO. PESID 20 1D 10 AF B0
- RS ReloRe Ko B0 1o
< SYASNT SCAN FRCCEQURE L3%lcALe
z CIIZTOEDD
o 2 YAa ANILE (LESS CV1XCCR 30
< = 2L ICHE ANCLLD CLF:S 1313127748
C 22389
Y NIN INNC22n0
123 XzAN[N 33207 7)
N 218223
< CR UV = STCRES T SUM F THF FCUKK CP*5 wLAD FLUNM Y (iPCAL *2Y290RI)
< P = STCFRES THE SUM CF THEO FCUR INPUT FRESSUFFS TJJCOo7)9
< CEMEN = STCFLS YHL MININUNM CP VALUE FJIR THRIS GLESS tgACIs10
C PR MEN = STCFFS THE PRESSURE CCRRESPCADING TC THC MININMUM CP 30209519
C <30CIS22
175 LV, 28NC0% 310
PHitUNVN=Coa 233720640
PV INzE, 22JC0s 20
“ YIVI039)
C STELT TEF ANALYSIS Y FINDING THE (2 VALUES FRCVM T+Z TAPLE (PCAL ., 13¥00¢672
< AivE C/ALULATING CPSULM, CPMIN, AND PRSSUM II0796130
- T33CA590
cC a0 K=1,4 pEoID N el Mol s
X d=ALF(¥F) PRl Rl Wl §e}
Yi=vy=-Frl{x) STIAC1029
IVINPTE (K)o ECGel) CALL CPCALINALPKL oNPHIL PRELCPLIXFoYRGCP(K) JIFL)ZIZICL1230
IF(NPRL (KF)elac) CALL CPCALINALPH2 W NPRIZ2PRAZ2,CF24XR YR (O(K),LIFL)I NI I4D
It ( IFLoNESC)Y CCTD 250 20301389
CFSUN=CFSULNHCF (K) sC2C81C&0
HRLUTUVEPRSSLVeNRESS(K) 323Ct1079
IFLCENIN LT WCFLK)) C2TC 200 2€CC1CHY0 4
PV INZCR(FK) 232012390 :
FRNINZERECS(K) *J3C1100
200 LCNTINUE 707121110 3
C 233C1120 3
- FRC# THE AECVD UVATA, CALCULATE A TOTAL AND STATIC FFRESSURE 32001130
C 23021140
C PT1 = A CHRAFRACTIERLICSYIC TCTAL PRESSURE FCh THIS YAWWITCH 33201120
« DL = A CHAFACTERIISTIC LSTATIC PRESSURE FCR THIS YAw,PLIY(CH 20701160
.~ gactL17o
N IMzCFROUN =4 4302V 2J0CL 140
ATTz( DRSNS 1 4=CP¥IN) = PRMIN®K(3.=-CPSLN)} )/CENOW JJ)C11990
B3 CRELVERPENIN = PRSCUMRCPNIND/Z OENCHV JC0C1200 1
[ cgoctT1io
“ CALILLATY A (FARACTIRPISTIC ERRCR ANC CIMFARC wIVTF THC 203C12290
C o hEVICULSEY FLURD SNALLESTY ERRCKR €0301225
o 007012230 1
¢£5) JCYC 2%0 22001240 .
J00C1252
[h=144a 00301260
D25 4 ¢ AEZ(CR(INR) - (PFESS(IFR)I=PSSYI/(FTTI=-PES) ) cQdc1270
fizsa. 20001249
ItitR kel L oFREMEN) CCTU 25C 0001290
- 20201300
[ TH1: FOINT P2S THE GMALLESY CRECR FCUND SC FAR, SC IT 1S saveEr 20201310
- ANt KEFLACES THE FREVIOUSLY FOUNC BESY PCINTY 02321320
0 3 1230 p
“ Doy Wl = tE OCEST CTATICs TCTAL FRLOSSURE FOUNC 20001340 ﬂ
. XM dtvs YZ2IN = THi YAwue PITCE ANCLES WHECRE THE MININMLVM TRRCK WAS FOUNC €0JC1350
< €C0001360
oM IEZERE €22C1270
BTN o 200012”0
SI=FI1Y CCcocC129¢
ANMIPMzX 72301430
YMIN=Y 002014140
“© 0301420
SIC A= XADEL c3001430 3
IF(>el _aB%AX) CCTC 1720 230011%40

28




maza .

DUNOOOLADONDIONVODININDH IO IVOOONCDOVOOVLOVDANONOCDOJOO0O
NMOADO I NPT U CRNTOPD AT @I IR AT IN IR = NMNIN IO~ ONDR =N
LR @V AVONPUVN DNV IVUINUL VORWVAEARRAAAANARAACTLTOUARO R PRFRNRCRI OO
et 4 ot ot oy o ot b o ot b g vt 8 ot ot S ot ot ok o ot o 0k o S et h oy ot T ot S uh o =t o oq o ot od ot ot o e vt oo O O}

VOOUVOOUML IOV ILIOINLINOONOONODOUVOCVLINVCOLVLLYUOKBLVUOOUODOOOO It

OO AN AN CEODEC NI AQOINIIDC NI DI0MAMNON0NOOANONAI00NONONONCHODO Y
NDLULUNLLONHVOOULUNOOWLOANLOANLLOLLYULUNVOOONVLAVONDUONODNVOVIUWUO -
WD UL JLte ) 20 ,0UU WO IDIOLULI YU IO D IOV VIO 2O UNIg0
.
N
v~
[VIVE k
ey > - P
S 2"V -~
i e .
@ W] — o
< [Wh4 n N 4
w . vrw W -~
ES w w .
- u pev . -
H v ~a a - [
< E ] . a
~— (5] < vl < 2 E
ra (YW [ &
[ 3 2 -t & [ W) -
- w - — ~-r w -~
(53 'S wva ) < ~ -
92 L= VR ~ v
[y [ - W W N v
£ P4 53 - ud - il
u —_ oy - . o
4 (%) G Bt ~ A ) - - U
Lod < L = -~ 1 - -~
“va - - -~ ™ &) ]34
4 - x Wt < e £ - Y
= n (e BERA I 2 am D N -
- i AN -~ 2 24 ] .- v
: b S < o Ld o -~ - < e - w - sq o
! P - > ) w LW ST .Y ws x o~
- 'V o DL AN~ e £ X0 N=
-— W Y] [S W] ;) Wy ey 20 w D w Ll
c '~ - *ed —-d hY i W e -4 (W) [S N7 £z
- - nwg 5> 2 2 - e Lo W v <
O [} £ were v ~ PAWE J et rt = —l " &l
e | jold ] ~ - I - «C>a MmaAar 2 W UL 3 (S I
(o] PR - [y m 9 ~XT S N2 > e < >a - v
|73 ] - c o= -0 JX * o~ O AV N2e ey P (s
> <& oo - Lal "~ U A *a&Y Lo PSS <
2 Uy Ligarm U DIkd DO = W ey £L
9 o2 adq < Iw ~ Ndw - [l i d W L 2z - [ SR}
g W O VLW s N * 7 Oww® XN D X <L
- ila = JM Y T Xl QU LN® RV LK w e~ 0 £+
—-x U I\ L L ¢ ~ e -2~y AT =X vy - n - [}
1S O v D [A TSR T ) D o=l 2-~AU 0w w oo o T4
{ Lad & W |3 wiJa vV >r 2 LU0 N b < u < Ll od
H - L) =~ w Koo =) =Lt N w Uity - Vi - -
B AV o - -l d —r g L et d N L [l [P
i Ja C X oo Vi oaiek - > = SVir2 w Y] - £ &
-~ 2 . I ~0NoO L, S O IAE AP Us «CU 2 ~ - — gL e
-~ (SR . w - . e r v e d s (ol RS Rl A Lu - LR o
< (w3 < a Je ey < i lod wd L Q. O U 'L wl a—\y < - e’
Y vt - ') ] ~ [rRurRy S V) [ PTW N YW S - Lad (W BV L
'Y [N N T X v PO Sals P TN L 'V 3 vioo~ ~ 4
. . - P4 ey L - [ SRS 19NA) L® ®® LIUI'L L2 O sn = ce
- DA . - 222202V 3 . * AL IO RO U I T e~
Cod b P} - Ll A x A x> - (=] ) R A | 4 A4 VIV G~ e o > ~ b Raadingll o
e - - | ) W LR ] - - d s w G (WRWE - § — wa -l <
* - =2 W - A A WU N r- - eV - T2 %) NNy - e - e
> L - e ~dema jr -d o ~ X ~dd d—Lr~ oL el OO
Wi - Jd - I z2azrruI 24 Led LA L TR - J S TO IO L J ) RS ) -
> J .} — IS | aa . 1" I N IS - —-i> J2LL 0 2 PN L2
o - - [P - - — - ;
o T4 o K < - da o RS ) o) QO Qo » ¥
(24 s4q x) 2 L2220 0w - < ) WY W
m oy (o] o w2 r
~ D ~ —
SRV IS RV V] DID I IIIT eI S I
T e = e e . -




VELOCITY

L S¢ac2eac
c i Q002749
- TUSHRLLTIRT INDT ~0202050
C 28222CH0
Tl L “CTVIRNE READS IN YRS CATA 0K THD FRCOC CEAI8ITISIHTIC T, 2CX2.037)
CIT Can v LHARCLD TO ANTTHER GUITALLD FURM O TF DICUTRED. 220929349
~ Ml Nolbaliol 0}
~ AT 2 MUNMIER CF PO INTS CN TrE ALSrA. Fr1l 8x]12 NyY21))
- i, 1) 0 ALPHFA VALUE S O TRE AKTS OF TR LALEFEATION MR R O e
C TaiLE 15002129
« G il e2) 2 FHD VALUES CN THE AXIS CF THE CALIDFRAYICAN 793021390
Z TABLC 32)02139
“ CR(NA P) =z MATFRIX CCNTAIRNING THE VALUES CF ZF #FCR YFrE 17202150
C FARTICULAR PHECRF 1700214
< 20702170
< TN 14n
CULHPCULTINT TEDTUINAGND (P h 3o F, I0R) MBI Esball RIS
SIVENTLON PR (1640), CA(1S.13) MBI el I

LAl (e sRCCCENCZS53G) NAGNY A2

4520 rLAIMAT( L) MR |
WAL LRCIC e NE=T39) (PR 1) 121 NAYD DI B B
SEAC(E Gt CITWTNDSIES) (PRSP ) ed=1eNP) 1CIC e

230 LR NMATOLTE S e) Vo Bl eI
RS PR bSO ST -5 BN S R LY 1 G IV R SRR IS Il BN ] DR RIS

G P (1T ) M Ralelel gt
[T 332 2H)

dETURN oD N olic el 3D

- 203072820
. bk FAY ttbf AN DRRCK whILE INPUTTINCG THE C2T7A, tcyc2y
. AR BV T B LA, lil, 1S SEHT =1 Mo L Rolti iV}
N Mol NoPalR N BV
FEURE U | 3CJ332240
e J0l022s90

RN 10002 360

30

A




VELOCITY

< 1sycz22a70
< *es¢2380
< SLLRCUTINE CPCAL 120321350
C 11302410
C NAGNF = & CF A1PH# ANG OF] ANGLES IN THE CFP CALICRATICH 133C241C
C  A(MA) = VALLIS OF Tr7T ALPHAS FCTR THE CALIZRATICN TADLE (YAs ANCLES) 10332420
C  P2UM) = VALLES UF T+ NHIS FCR THE CALIBRATICN TAULE (PITCH ANZLLES) 231741319
C CP(NAGRY) = \NALLM CF P FOR EACH ANGLE SET ( 2(NA),P{NF) ) $1TICPa8Y
LX T TLSIFEC ALFHA ANGLE T)I32450)
SR 4 = CCCSIRECD PRI ANGLE $22324¢00 :
¢ 2 = CALCLLATEC CP Y33C2473 |
- IFLAC = (RRCH FLAC 33272649
< o 3 R X 13102490 '
C Tl SHECCIAN TTTINMATES THED VALULS CF €0 FCe 4 CIVEN ANCUCAT fa0_T 11332230
C (ALSHA, FHET)  ULSING A LIN AR DCUTLE INTERIZLATICN SCheWE P TareN 19307 1)
« Trt XKNCwh VALLFS CF CF FCF ANGL=S AJCVE ARNE ECLCa TFD C-S17CC ANCLT 33330327
< 113277 89
< A 2330064
SULFULTIR, COCALINAGNE GFRUGC? o X oY 2, [FLAC) 13172570
JINENTICN FRI(MA L) oCPINAGNF) 11332532
“ 123339 7)
O STALT TrC SEARCF FUCR THC ALPRA VALULS ABCVE ARG ECLCw THC 1CycPenn
< DI € YAw ANCLLE JIIJ2TD
- 23202e)
.. VXA, MNNA = STCRTS THE ENTRIES TU PK3 ANZ (P FCK ThL ANCLCS I3c201
N ANCAVT, JELCW ThE SESIRED ANGLE 033C2¢€29
" V3, Al = THE ALCHA ANGLUES AUCVE, CCLCw THE 2ESIRECC ANGLE ©02026 10
C *cocleac
JU 13 122 4N8 13332650
vxa:l 20332e60
vaaz[-1 13920678
ATEEI(La 1) C00C2€3)
ANZERCINNA L) 133C2€695%
IV (AP 30 e X e AN oANGLE o X) GCTC 25 318002790 ;
10 ZCNTINGE 20302719
- 3000272)
C IFf Tre LOCP rAZ EEFN COMPLETED WITHQUTY FINCINC ANGLCS SURKCUNDING t00C273)
€ THI DUSIREFC ANCLE, THEN AN ERRCR FLAG -- [FLAG -=- IS SET: IFLAG=1 3323027490
N ] 29002750
IfLec=1 £30C2760
RETLAN 330C2770
< LSRR LIS
O x4 = FRACTICHAL CISTANCE LF THE CESIRED ANCLE Z2ETWEEN T+ET 20002750
C KNCAN CALICRATICN ANGLES, 0002330
- 00702810
2C A= (X-AN)/{AP=AN) 703032820
¢ 00002830
C  Thi SUARCH FCR THE PHI VALLES STARTS. VARIABLLCS AFRE IDENTICAL £00c2e4a0
o FL ThOSE IN THE PREVICUS SEARCH EXCEPTY *PeY SUESTITLTES FCR ‘As, €000285) :
« ANC 'Y ANC 'J*'  FEILACT *X* AND 'I* RUOSPECTIVELY 00302855
¢ £70C2860
3L I3 JTIONF 00332870 1
vXT:d Qacrang
VAFzJy-1 €219C22399)
EEZERE(JNC) 0C0C2500
PAZFRLIMNE , Z) 0202912
[F(FD CE WY+ ANC oPNLELY) GUTC 4S €3002620
13 _USNTIAUE 70002330
FLAC=1 20002640
HCTURAN 0co0c2550 1
45 Y22 (Y=ON)/(éP=FN) 00702569 1
o 20002570
C wl NUa FING TRS VALLIS IN THC CP CALTORATICN TA2LE aklCk CCHRESPCAC  CC0C2680
C Te THr CALILRATICN ANGLIS ARSVE AN JELCW THE JDESIREN YAw ANDC PITCH 02002699
z €9301CH0 ‘
CHL=CR (MR 2 VP ) 238701010 ]
RENE TN IR 3cr03020
Lol s (VXA NN ) €C203010
CO22CF(NXp WXE) £€203¢€49
0 003050
. w4z TET INTERFCLATLO CP VALUE BETWLCEN THT FCUS XNCWN CP <0003960
C VALLIST C11ls €12, C21, C22 3€0032370
. 73003CRHO
LECLT Y IRLII2MCL=CE2-CR 1) 4 XOR(COE=CL1) ¢ YP®(C12-CL1) +CH 1 33002090
N . €C3C1100
C  INITCRPCLATICMN SUCCESSFULLY CCMPLETED, ERRCF FLAG  IFLAC=0 30003110
< 00203120 ;
IrLag=¢ ¢3002130
HCTLRM 100C3140
£nI .. c0d3Cc3150




APPENDIX II

VELOCITY NOTATION SUMMARY - main program

ALP(I) - Yaw angle of probe setting I

AMIN, AMAX - define the minimum and maximum yaw (alpha) angles
of the search grid

COMP - the compressibility factor of the fluid

CP(K) - C_ interpolated from the appropriate calibration table
for P probe setting K

CPMIN - stores the minimum Cp found during this guess

CPSUM - stores the sum of the four Cp's read by Subroutine CPCAL
cel, Cp2,(1,J) - Cp calibration table for probes 1 angd

Cg - sonic velocity

DEL - search grid spacing (degrees of angle)

DENOM -~ stores an intermediary mathematical quantity

ERRMIN - stores the minimum error found so far for the problem
ERRR - Cp average error characteristic for the guess

GAMMA - ratio of specific heats for the fluid

IER - input error flag = 0 means no error, = 1 an error occurred
while reading in the Cp calibrations

0 interpolation accomplished
1 range of the calibration table
was insufficient

IFL - interpolation error flag

MACH -~ fluid mach number

NALPH1, NALPH2 - number of yaw angles across the edge of the C_,,
. ) rl
CP2 calibration tables

NPHI1l, NPHI2 - number of pitch angles across the edge of the CPl'

C calibration tables

P2
NPRB(I) - probe type for probe setting I (either 1 or 2)

PHI(I) - pitch angle of probe setting I




-

PMIN, PMAX - define the minimum and maximum pitch (phi) angles
of the search grid.

PRBl1, PRB2 (N,J) - contains the alpha and phi angles for use with
CPl’ CP2 respectively. J 1l refers to yaw angles
J 2 refers to pitch ancles

PRESS(I) - pressure read at setting I

PRMIN -~ stores the pressure at the setting corresvonding to CPMIN
PRSSUM - stores the sum of the four input pressures

PSS ~ contains a sfatic pressure characteristic for this guess
PTT -~ contains a total pressure characteristic for this guess
RGAS ~ ideal gas constant (Joules/kg-°K)

RHO ~ fluid density

TC - fluid temperature °c

VEL - fluid velocity

WM - molecular weight of the fluid

X,Y - yaw, pitch angle guess (one of the search grid points)
XMIN, YMIN - yaw, pitch angle where the smallest error was found

XR, YR - yaw, pitch angles of the guess relatvve to the probe
setting being considered.
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NOTATION SUMMARY - SUBROUTINE CPCAL

AP,AN - Yaw angles above and below the desired yaw angle
CP (NA,NP) - Cp calibration table
ci1, Ci12, C21, C22 - Cp values surrounding the desired Cp

IFLAG ~ error flag = 0 means the interpolation succeeded
1 the range of the Cp table was toc small

MNA, MNP - Stores the location of the calibration yaw (alpha),
pitch (phi) angles below the desired yaw and pitch angles.

MXA, MXP - Stores the location of the calibration yaw, pitch
angles above the desired yaw and pitch angles.

NA, NP - number of yaw, pitch angles in the Cp calibration table

PP, PN - Pitch angles above and below the desired pitch angle

PRB(N,K) - Contains the yaw and pitch angles for the calibration
table

X,Y - Yaw and pitch angles where a Cp is sought

XB, YB - Fractional distance of the desired yaw, pitch angle
between the known calibration angles

Z - the interpolated Cp value for X, Y
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NOTATION SUMMARY - SUBROUTIME INPT

CpP(1,J) - Calibration table read from the file

NA - Number of yaw angles on the edge of the Cp table

NP - Number of pitch angles on the edge of the Cp table

PRB(N,K) - contains the yaw and pitch angles for the C
table P

K=1 yaw angles
K=2 pitch angles

35

calibration




Je 0

RS RS U
SR R
L I RN LR SURaF]
HDOOTry =
JFr LT
t 1 LR

[aiele]

(S 2R S B Ra R

DYoL o
LI A B
[SAVEURU RS
ANCAR N
! [

LN )
YY)

ey oy~
yeneen s

I N RS L

APPENDIX Il - Sample Inpu?

NPy vraesenryeg
B s e
[} ] 0 0

inle ol

R e R R

T R R R NI
o w8 ey
~——

il T Y SR RN

- ' DRCECER

—~ -~

A

e

Fed 4 LY

) e r "

Je s tl s

71

Vel

rag o

A

e v’

SO e IV ¥ B |
Wt vy
L A R B
Nyt
® v e 0 e
[ A

Yeld™ 71

N S A
m
R Y SRR
POR AN DN
N~ NGO

y -1

Yoo v1au?
11

Tet V.

Jee 1711
Ve T 7 L

12701
[ PR ]
"«

acac

L.
Iy
..
}a

.

e

159

<

Qel 300 Ued

Je1N 7 ¥R

telu?21

<

Je T T

Del =t

rroToc
F>ITrOD
T T NO
NESEIN A TS
TeanAan
s o e e
[aYaNa¥ e alel

FOOLU
S 1a e EERS TSl
s e 0 0 0 s
Sy
AN e
P
R R AN IR Ay
Can. e O
DT,
LR S )
CODNHNO
- L=
[ S e lal
helalnd N oy
-l e
MNoDIMNQY)
e a3 & 0 9 @
laka kel o Nale]
e L, 0N
s NOA
hRE A R SR Gl
SO RO RNR SN S)
e lal=kale
s e o0 00
[ake NoN alhe ol
(SR N si i )
~eC -
AR oGRS Eal
C=r 100
[OR XS SRS
* & & 0 s &
~Lnre

AT
tUN LWV O O
(SR SRV RS
ey rione
R N

e o s & o0
AmriAn
ANy
ISR e
R R

LR AL W

N, AD

I

s 1alaloNa N SN al ol o Ne Kal

DOUD mt)y, = rr 3
[ PRATS R ORL SN N I
laXAREES I AV LR S
OO, O m OGN LY
O3 a1 NOP o P
" o0 00000000
EARSTAR SN a Vo NS XA S K2

NIIOIP N I ey
YT )
P em

P

PN

[SEPEAN he IAKFRS RO N R_F N TRFN
TG T Tl N e TG @

LR R A B A N )
O 00D00

SR otv i cr c 2T E~OT
"o P T el r A NCeT U
e A I s AR ' ¢
P T B N S I N N R 4
LRSI S R ik X - XX LN
® o % 0 0 % 0 00 0 s 0 0 0 g 0
iIsEolataNalaloleNalaloNalka ol afiel
ORI N TURS I N N W K, B
TIF PN @I C NI
TT e i PN AT TS
TP LI TV O e=NNE ™
bl I RTE o N ‘-—.\lu\“~“~nv,c.-c1v
® ® 8 0 & 5 9 90 S0 9 e 0 0
R AR AR Y R R F A SR RN W R SR I o X &)
NS Y UMM e OO
SRR R RS R SV SRR At N U
PUAM A SN T T VAR Y
O 700w w e OwDOM e

NeEMTw.NwTCT TR NICM
9606 0600660000000
NODIDOTOCL2CLOONONC

TONNTOQNT M= TYT S =t O T TOMND
T LD PA NN CONNT QPP e, DL SO
0 0 N0 LLUIDNODLOF SV T mmee (W CRNGTOONT
Clnmmr el MNan 20 M T g0 NI CASN DL
MRV OO =ONOIONOD LT NIV = DO
1 ] ® 9 0 0 6 0 9% g 00 ¢ B s SO 2L g st N e e

DDA ASNDNOCACON0COOND~COONNON
SRAOUCODTIUTNONNILCOTMIMTMeMr LTSS
CTLCLOCLNNITM N Lo PTIETNT TN WO NT O
0 DNT MO N [ ILDLPIT=TODNIMNT O™
DIIDOVONUL DI IO OO IR m Ny P I T =~
BN 'R Re RN Ra KT ol Ha RIGER IR SRR S0 I I Tk SRR INeRa Rls Radt 3
1 [ 5 5 0 ¢ 9 005 0 0 0 00 O 0 0 s e e 0

s RoieRoRalnlelofaliticiciriale IaRaloRalohe RoR ol ol o Ko oo Rl
CLONOOLT LA TOC N T Tt a0 TR0 O~
R I N I N I S R N I a2k Il s e
S e8RS E T SR QL) T, T AT S o
VOO LI MmNV T L e TP NN =D
A TANRTERV A SR SAWES R WENRWE. SRS N SRVE S EVE- a8 SRR TN SRS E 4
' ] ® 8 & 8 5 9 0 @ 9 % 0 ¢ T OO E E B SOt e

COOITICCHLE LLLLONDICDDHOTORLCOO0

TOO DD i o
V0UOUUULUL e ™ e T r;
e UOUNINMNI i T~
QUOOQUD =N PPN =T
L * L L AN ) et D
' 1 CEE B N I S B

DA LOoTTHIN

DD ID MR
T OTYO LT
I T Y
VU UU WU I TUIwiyus)
NN ANC,DND~0MON

LI I I B ' ' ¢ 0 s e 0 e e e
~eyry e DDA DIL,
~— A NN AN N AT s s
— e e NN A R Y . s A e
AR ipry ey LI OTM WL
A IS RO ES TN GRS IR RS RARS LS ECERL N RS RE R
Ny O R Rl Kol K Re PERSE I |
et o0 00 I | s 0 00 s 0000 s,
e loXakoRalal jel=kateloRal-Ralskaley
P =TT T T DN, Jee ST
RER RV R B R i At B Ko e Ko Bl U HEC IR SRal N SN
TNy Lt LEE NI Be B X o IR NE S 2L
R R ke Xa e N ale N e e N e R S
TONTOWVIT T e MmN DD D™
s e 2 0 89 0 1 LU I S R Y I

e X R ot

Lo Y Rk T SN

nmenCTroo
Ll S tE SeX 1
it O S L R gl
CcouNe OO~
- OCONCO
e o 0" 3 o0 o
nooconnon
P JOO

MyO2D2o 0"
Y T L
weEI=mLOLO
Qe OQOOOHO
e 0 e 0 e o0
OOONOr OO0

OUYLMe0 0
oL eMrIeY N
X DU AR e ]
I TN Py Sy 3}
C=DOS20U
® & & ¢ ¢ o 0o o
[eRolo RS YoRote el

CTemiw=CD
FLuhbILOT
PAATANNPRPOODO
CTimy, GO
Qe O cC O
e o 0 0 9 8 @
sOoOCHOOTO
T L=l uD 0
Tl oQILICO
CINIMMLIVO
OITO0ONLO
[aR S Ea T s N otal o)
® o 8 0 50 o
~ArenCcOR
Nem3CO2C
=Y ol ok R
LTIORC SO D
De Q= O M G
WAL O
® 8 9o ® 08 o
CAONC OO

e
Y1

N C af e, 3", P e Qe N D0 T,
O DW= g IO ol VU W)WY
T UM NNV =N INVOON TNy U0
GOt emnNy JTAITUUCIrRMN ot~ wmO 0N
Lol A B T R I I LA R R e e R
® ® g 8 8 % 9 0 " s 0% 0 W SO B 00 e e
DL ONUNCADNOCINDND DTG0 DN
TRADIICTAND JITVIOPR I OT NDTDNND
VTOIIITTIDLNADNIUT I 2D D
PN YNNI e D (AT T R
L N T N ST I NN WU U T AN D O s O
OMNOTA NS =ANMI MMM MmO N D
® @ 5 ¢ 5 5 6 0 9 ¢ 0 0 9 0 0 " 2 s O e 9 e e s
DDDDODT IDIDNDNLODAT ICHTIDND D
(ke BRNREalNie Rl RURLNLNES R ol ol I Ko Xodit B te Bal
R T N . Tl e Rl KL I R e N
MCEIAD T IR e DI TIPS N AR Y )
LSS NAVE'G IR I S A N AR I ARSNGB . P I LR RS Ro RAVE A MRS ]
ol T - - T e DO D
L . e 9 % 6 0 0 9 ® 8 & o 0 0
[} ~ NOCTAToNCADN D
o« QT St =00
o DTN MM OO
~1 Fe X DTINANR A O DD
A TR NONN S =t D~
- DS =" = 2DV DY
L] ® @ % 6 % o 8 9B " g b g
- lalelale R TaleNaRalalalalalalaRaNelalie Rl o e L al




SAMPLE TNPUT (fon?+)

1.40 20.0 1.0
w6 n.
o, 1IN
He 0.
AR ANEV i, AN {] “
VAR g,

L7 ay,

tnvasen .,

aq

PRy,

P9IV,

109490,

LREL AT -
Y00 .

thS 4%, .

P2,

verEn,

vA0d00, v, 0, i
i1%nen, [ 25,0 2
LSRN I ~-&3% .4 0. ]
A1) HIR

&

TR

R )

1idx7n,

-




APPENDIX TY —Sample, Oufpur

FROPLKRTIC S

FLLUIDD

vcecoe

L I
LR S & &
T
* & o0

- -

e

w7
2idt
I

-
TeV U KAaTUR
3

ceMoRt

ol

+
P)

AL CULA

RATI

R e T el Qe "o

e~

v«
o
-
“

[
r<
(SR

=
0
- L
b
——
Do

s

-
< 7
Q —
Pl d

-

T

‘'~
e
-
>
o
[«

COOO
cne o
LI I )
DO
RN
LV RR S
LN
LR S

oty

]
B e
e o 0 0
A7

s
e
ERaeRs)
e 9 o @
IIRERRES)
NNy

-t (]

[pXaloNa;
OO
» o o s
Qov o
L IR VAR O
—P
TN
L O
- e e et

ERY R X RN
* o s o
Syt

- )
MDD
e 4 9o o
PRAS R RS )
- -
. M

—— e T

[ PP

OO0
W2
e« e o0
DO
AR R VIRVIR V)
0 - P
AN B TS}
[SE RS e

- i vt

o™
R VAN |
.« o o »
RSN SN

~t

N
3oy
s o o
SRS RIS}
“~ ~N

e o

s, W ———p—

cCcoe
[SXEEANA!
e o o
SRS R SaR ]
weiltyw
- T -
RAXTRER AP
- WM
—t —

-~
oG
LI B
(ARSI

L et A

ey T - —

OO0
DO O
® 0 o @
[ L RS NS}
Loy e -
n\)c\v
(S NORSIa)
AN = o o

o —

o
QO
LI I Y
[SNIEE e ]

T

DD
DD
¢ & o
LYY

.

-0t —

CCOO
20O Y
o o 0 0
(XS}
T U~
WNTw
TO )
- ot wa

-t gt v

o
(S RERERS |
¢ o o 0
O D>

-
S EaR S ]
e & 8 »
(AN E PR W]

e

i

1L
1y

iy
-
—n
em

;S eeas

PO W L)oo P
N IFTTYTL

VIV IOV

waNENE
N~ @I
® e 0 0o o o
TTCrOU
Titd T oI

- vt omy ww () N

s yor)
ARy O
oo ® 00 @

[RERG IS Ka Wb
ié ) Lo di BN}
'

[ R BB IR S g
(L RV R R ]
LI A
WTTNN™MIOM
Rl I I |

]

AN QY
et YUY )
” ® & 9 s 0
NW 1™ Wy e

OO A
— g o e 1
-ttt vt ot -

b
5
ARV RV ES 1Y
GO Y
I =P
LR RAl ¥ Re -3
-

’303&
Jer

o
-
.
£ 4

9-1!

)
oY
.
~

38

e




APPENDIX V

NOTES ON THE USE OF VELOCITY

INPUT: The required input consists of probe calibration data,

: fluid properties, and finally the experimental pressures. Sub-

routine INPUT reads the calibration data from each probe type

in the following form:

1. The first card contains the number of yaw and pitch angles

on the axes of the calibration table (format 2I14)

Ex: 19 19 means 19 yaw and 19 pitch angles were used in ,
the calibration and the Cp table will therefore be !
19 x 19 in size.

2. The next few cards contain the values of the yaw angles
where calibration points were taken in the Cp table.

Values are entered in format F8.2, one angle every 8 columns.

e ey

After all the yaw angles have been read, the pitch angles
are entered starting on a new card.

3. The experimentally determined Cp's of the calibration
surface can now be read for each angle pair starting from
the smallest yaw and pitch angle and with the pitch angle
varying most rapidly. Ex.

Cp(—90), -90), Cp(-90, -80)... Cp's are read format F 8.5.
All of the calibration data are read on Machine Unit 8: i

Cards are assumed to be 80 characters in length.

The following fluid properties are entered next:
Molecular Weight

Ratio of Specific Heats




Fluid Temperature Deg C ;
Compressibility Factor

Machine Unit 6 reads this data from one card, Format 4 F1lOA. ;
At last the experimental results are entered. Four cards

are required for each trial, one card per setting. For format:

Columns 1-10: Experimental pressure

11-20: Yaw Angle

21-30: Pitch Angle

31: Probe Type (1,2, or blank)

If Column 31 is left blank, only the experimentally read
pressure is registered; yaw and pitch angles for that setting
remain unchanged from the previous trial. The first trial must

contain angle settings and probe type since no default values

D e ey

have been assumed. Again machine unit 6 is used to read this
data. When no more experimental pressure data is available,
the program terminates.

The experimental pressures can be based in any absolute
system of measurement; ex.: Psia, KPa, Atm, mmHg, with the
same numerical results (the units in the titles of the static

and total pressure columns will not apply). The analysis below

shows that in determining velocity, the pressure units cancel.




The velocity is calculated from V = MCO » where, from Eq. (1),

r Y—; 1/2
(P,/P_) -1
M = T "s
I (y-1)/2 J
and C_ = VYRT
o
Here,
Co = sonic velocity
M = Mach number
PS,PT = fluid static, total pressure

R = ideal gas constant

8314 Joules/kg mole®k
MW

T = Fluid Temperature °x

V = Fluid Velocity (m/sec)

p = Fluid density

Y = ratio of specific heats
CPCAL: A linear, double-interpolation scheme is employed to
determine a value of Cp between four points. A second-order,
double~-interpolation scheme has also been devised and tested,
and is presented at the end of this report. Figure V-1 is a
graph of the accuracy of both schemes as a function of the num-
ber of calibration points in the Cp table. Values were
determined by filling a calibration table, extending from
-90° to + 90° in yaw and pitch with the Cp's which would result
from an ideal probe, and testing 6084 points (78 x 78) within

the table. If no highly unusual distortions in the calibrations

41
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of the probes occurs, Figure V-1 shows that a significant reduc-
tion in the amount of calibration required is possible with a |
second order scheme. Further, if the accuracy of the C_

P

determinations is known, Figure V-1 can provide an estimate

of the number of points needed.
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Second -Order Double - Interpolation Scheme.

! [}
| C ncCc4a?c i
) C ACCCAARC
I - ~rccaasc !
v SUERCUTINE CPCAL(NAJRF.FREB,CPoXoYy2e¢ IFLAC) ncccacocC ;
C NA+NP = & OF ALPFS ANC PHI ANGLES IN THE CP CAL IRRATICA ncccasic i
C A(NA) = VALUFS OF THE ALPHAS IN THE CALIAQATICN TABI F (YAW ANCI NFCrae2aC -
C P(NP) = VALUFES CF TFE PHIS IN YHE CAL IBRATICN TABLF (PITCH ANCI NCCCA=2(
c CP(NAJNP) = VALUE CF CP FCR EACH ANGLE SET ( A(NAIO(NP) ) 0cccacao :
C x = DESIRFD ALFHA ANCLE ccccas=c i
C Y = DESIRFD FF1 ANGLE CCCCASEC
C z = CALCINATELC CF 0CCCAETC
C IFILAG = ERROR FL AC 0CCCac€0
C THIS PROGRAM ESTINMATES THE VALUE CF CP FOR A GIVFN ANG' AR INP! 0CCCAcSC
c ALPHAs PHI4 USING A t INEAR DCUELE INTERECLATION SCHENF PETWEFN KNCOCCCAECO
C VALUJES OF CP FOR ANGLES ABCVFE ANT EELCWw THE NESIREC ANGLF, 0CCC4€1D
DINENSICN PRE(NA+2) +CP(NAJNF) occcaere
DO 10 I1=2,NA Acccaexc !
27 MXA=1 0CCCa€a0
MNA= -1 occcaesc !
MMA=MXA+L NCCOAEET .
IF (MMALGToNA) MMA=WMAN2-1 ICCLAEsE “!
AP3IPRBITI. 1) OCCCa€eEC |
ANZPRB(MNA,1) ccccaerc |
AQ3IPRB(MMALY) 0cCeacTe :
IF (AP oGE « Xe ANDoANJLE LX) GCTC 2°€ OCCCAEEC 3
10 CONTINE frOCAECE
IFLAG=1 acccarce f
RE TURN 00€Ca710 !
2° DA 30 J=2.NP occear?ae I
40 MXF=J ncccazac ;
MNE= §-1 occcareo
MME=MXD4 1 oCCcCa7=Er
IF (MMP ,GT NP ) MMF=MNF~-1 occcaree
PP=PRA(J,2) 0cCCavTEC
PN=PRB (MNP, 2) scccar?c
PO=ORBIMMP, 2) CCCrar?s
IF (PP oGE o YL AND,PN.LE.Y) GCTC 4% 0CCCATES
39 CONTIN'T aC0CATEC
IFLAG=] occeaece
RF 1''AN occcaeto
4% C11=CP{MNA,MNP) occcag2c
CI2=CP{MNA.MXP) ccccanac
C13=CP{MNAMMP) acccaras
C21-CP(MXA,¥NP) occcae=o
C22=COtOXA, MXP) creccaPec '
CO2-CR{MXA,MMP) aCCCaE?0 !
CY1- CP(MMA,MNP) 2CCCa8e0
CIP-CPIMMA,MXP) occcaecc
CIV-CPIVVA,¥MP) neceecasce
PL-(X=-aP) 8 (X~AQ)/(AN=-AF )}/ (AN=-AC) 0CCCASIO
FO-(X-AN) @ (X-AN)/(AP-AN)/ (AP-AC) acccasac
Fr:(x-ANYS{X=-AP)/(AC-AN)/(AQ-AP) acceas>e
1 CI8r114F28C21¢F38CT} 0CCCASAC
C=F18CIPeF O 8C22¢F30C22 orccas=c
C3:r18r | JeF29C239F 20(C 2T onccaseo
7-(Y-PPYIS(VY-PQ)/(PN-FF )/ (PN-PG)SC1 + cceccasac
1 (Y-PN)S(Y-PQ)/(PO-FN)/(PP-PQ)SCD + cececasec
T (Y-PN)S(Y-PP I/ (PA-FN )/ (PC-PP)sC) 0C0CAGSO ]
RF *IRN occc=cac
Fan cccce=ote
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